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Abstract. We report results obtained from analysis of the XMM-Newton observation of the compact group of
galaxies HCG 16. It is a peculiar system composed of 7 spirals, 6 of which are active, and its nature as a bound
system has been much debated. The EPIC camera observations give new insights into the X-ray parameters
describing the physical status of the group. We detect diffuse X-ray emission with a rather elliptical morphology
which extends to at least a radius of 135 h−150 kpc from the group centre. The spectrum within this region is well
modelled by a thermal plasma with a temperature of 0.49± 0.17 keV, and a non-zero metallicity. We measure a
bolometric X-ray luminosity of 9.6×1040 h−250 erg s
−1which may be only a small fraction of the total luminosity
because of the limit in spatial detection arising from the high background level. Despite its low temperature and
luminosity, HCG 16 obeys the LX −T relation obtained for brighter galaxy groups even if it lies in a very extreme
position. The properties of the diffuse emission confirm the bound nature of HCG 16 even if the gas trapped in
the potential well may not yet be virialized. This reopens the debate about the real nature of spiral-dominated
galaxy groups, and on their role in a more general cosmological context.
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1. Introduction
Small groups of galaxies are the most common configu-
rations of aggregated systems in the Universe (Tully 1987
and references therein) and they continue to be the subject
of intense study. Despite much attention in the last decade,
there is continued debate as to whether these systems are
genuinely gravitationally bound (Hickson & Rood 1988)
or if they are occasional alignments along the line of sight
belonging to more extended systems (Mamon 1986), clus-
ters (Walke & Mamon 1989), or cosmological filaments
(Hernquist et al. 1995). In particular the interest in com-
pact groups of galaxies, of which the most widely studied
catalogue was compiled by Hickson (1982), revealed a se-
ries of peculiarities as compared to galaxies in clusters or
to isolated galaxies of the same type (see Hickson 1997
and Mulchaey 2000 for reviews).
Galaxy groups have been observed in the X-ray since
the advent of the Einstein satellite. In fact, the detection
of hot gas trapped in the group potential well represents
strong proof of the bound nature of these systems.
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Several works based on ROSAT/PSPC and ASCA data
revealed a variety of morphological and dynamical be-
haviour in galaxy groups (Pildis et al 1995; Saracco
& Ciliegi 1995,; Ponman et al. 1996 (hereafter PBEB),
Heldson & Ponman 2000b, Mulchaey & Zabludoff 1998).
More than 50% of the 32 ROSAT/PSPC-observed
compact galaxy groups (pointed observations) analysed
by PBEB exhibit diffuse X-ray emission with tempera-
tures lower than 1.5 keV: the authors found that correct-
ing for the selection effects, the fraction of HCGs with
LX(bolometric) > 10
41.1h−250 erg s
−1 was 75%. This high
fraction ruled out the hypothesis that groups are aligned
configurations within cosmological filaments.
Galaxy groups show flatter surface brightness profiles
and steeper “luminosity-temperature” (LX − T ) and “ve-
locity dispersion-temperature” (σ−T ) relations compared
to clusters. This behaviour becomes even more noticeable
for very-low temperature (kT < 1 keV) systems (Helsdon
& Ponman 2000a; Mulchaey 2000, Xue & Wu 2000) where
the departures from the self-similar scaling laws traced
for galaxy clusters have been explained by models of pre-
heating of the gas before it falls into the group (Cavaliere,
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Menci & Tozzi 1997; Ponman et al. 1999; Balogh, Babul
& Patton 1999; Dos Santos & Dore´ 2002).
These low temperature systems are puzzling for other
reasons. Whereas it is well established that a gravitation-
ally bound intergalactic medium is a common property
of spiral-poor groups, the results are still controversial
for groups composed of more than 50% of spiral galax-
ies (Pildis et al 1995; Saracco & Ciliegi 1995; Mulchaey et
al. 1996), which accounts for the majority of groups.
A rare opportunity to investigate these questions is
presented by an extreme example of a very nearby (z =
0.013) compact group: the Hickson Compact Group 16
(hereafter HCG 16). This group is peculiar because it is
composed of 7 galaxies (4 originally detected by Hickson
(1982), with 3 more added in a circle of 15′ by Riberio et
al. (1996) on the basis of radial velocity measurements),
of which all are spiral and 6 of the 7 are active. It is one
of the densest groups in the Hickson catalogue, with a
mean velocity dispersion of ∼ 100 km s−1 and a median
projected galaxy-galaxy separation of 88 h−150 kpc (Hickson
et al. 1992)1.
Bachall et al. (1984) observed HCG 16 with Einstein,
determining an X-ray luminosity of 2(±1) 1041 h−250
erg s−1, but with the spatial resolution of the instrument
the authors were unable to separate the emission of the
galaxies from a more diffuse emission.
Using the ROSAT/PSPC, HCG 16 was later studied
by Saracco & Ciliegi (1995), who suggested that the X-ray
emission was mainly due to the galaxies. However PBEB
and Dos Santos & Mamon (1999, hereafter DSM99),
analysing the same ROSAT/PSPC data set, found diffuse
X-ray emission far away (∼200 kpc) from the galaxies and
with a temperature of the order of 0.3 keV, which makes
HCG 16 the coolest compact group yet detected.
The detailed spatial analysis of DSM99 ruled out the
possibility that the hot gas is virialized. They further sug-
gested that the contribution to the gas enrichment from
galactic winds could be an important test to understand
the dynamics and evolutionary history of this group.
In this work, we present a detailed analysis of the
XMM-Newton observation of the HCG 16, focusing on de-
tection of the hot X-ray gas (we do not discuss the galaxy
emission, see Turner et al. 2001a). At the redshift of the
group, 1′ is equivalent to 22.5 kpc.
2. Observations and data reduction
2.1. Observations
The XMM/EPIC (2 EMOS and 1 EPN camera - Turner
et al. 2001b, Holland et al. 1996, Stru¨der et al. 2001) first
light observation was a 65 ks exposure of HCG 16. This
consisted of two separate exposures (only 1 for EPN) for
which each camera was turned on individually (there was
no standard mode). Information on the roll angle is not
1 throughout this paper we assume H0 = 50 km s
−1 Mpc−1;
h0 is the Hubble constant in units of 50 km s
−1 Mpc−1
available for these very early data, but we were able to
superimpose the two MOS camera image obtained in raw
data, and no evident roll angle variation is observable. The
observation log is listed in Table 1.
A first data processing has been done with a pre-
liminary version of the SAS (Science Analysis Software)
pipeline scripts EMCHAIN (EMOS) and EPCHAIN
(EPN). Because of the early stage of the experiment the
data files are not in standard configuration, and thus we
are unable to process the data with the current (5.3 ver-
sion) of the SAS software. Consequently the data are
treated using software developed in Saclay for calibration
purposes. The output products are consistent with the
SAS for downstream compatibility. The processing takes
into account the electronic noise cleaning and the differ-
ence in exposure time per CCD. This data pre-processing
eliminates most of the low energy noise, but from a con-
servative point of view we limited all analysis to ener-
gies above 0.2 keV. A higher noise is detected in some
CCDs (CCD2 and 5 for EMOS 2 and CCD 4 for EMOS
1), likely due to the relatively high temperature of some
CCDs at this stage of the experiment (they were later
cooled). For example, the threshold for telemetry trans-
mission was higher for the CCD2 of MOS2, representing
an additional source of noise. Furthermore, this CCD was
turned off for one of the EMOS 2 exposures, decreasing
the quality of the data from this spatial region.
High background time intervals (due to solar flares)
were rejected, for the EMOS cameras, by a careful exam-
ination of the 10 to 12 keV light curve. The drop of the
EMOS effective area at high energy allows us to be sure
that the light curve variation is not due to source vari-
ability in this energy band. Events were grouped in 100 s
bins and all bins with more than 18 counts were rejected.
After this filtering, the useful exposure time is 45 ks.
The EPN observation was made with the very first on-
board instrument configuration, which is rather different
from that used currently, and which has not been yet cal-
ibrated. Furthermore, the available blank-sky background
observations were obtained in the standard configuration
setting. Because of these problems, we have not attempted
to use the PN data for our analysis, restricting ourselves
to the 45 ks of useful EMOS data.
Figure 1 shows the EMOS 1 and EMOS 2 summed
count rate image of the HCG 16 pointing in the energy
band [0.2 -7.0] keV, smoothed with a Gaussian filter of σ
= 12′′. The image is not corrected for vignetting. The four
main galaxies are marked as in Hickson (1982).
2.2. Background estimate
The estimate of the background level is a crucial point
since we are interested in a very low surface-brightness,
diffuse source. Because of the high background level we can
assume that the contribution of any diffuse gas emission at
large radii from the group centre is negligible. This allows
us to make an estimate of the background in the same
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Table 1. The observation log. The net exposure is the sum of exposure 1 and 2 and after flare rejection.
EMOS 1 EMOS 2 EPN
exposure 1 (s) 55203 48302 32399
comments 50% flare rejection CCDs 2 & 5 noisy many bright pixels
50% flare rejection 40% flare rejection
exposure 2 (s) 16910 17137 0
comments — CCD2 off; CCD5 noisy —
net exposure (ks) 45905 43858 12525
useful data (ks) 45905 43858 0
Fig. 1. HCG 16 EMOS 1+EMOS 2 image in the energy
band 0.2-7.0 keV. The 4 main galaxies are labelled as in
Hickson (1982).
field (i.e. a local background). We consider that the XMM-
Newton background is composed of two main components:
1. an astrophysical X-ray background which is the com-
bination of a soft (E< 1.5 keV) component, mainly
due to the local bubble, and a hard component due to
unresolved cosmological sources (mainly AGN).
2. an induced cosmic ray background which dominates at
high energy (> 5 keV) and induces fluorescence lines
(Al, Si, Cu, Au) from the shielding of the camera and
the detector itself.
The two components deposit an indistinguishable sig-
nal on the detector, but have to be considered as com-
pletely different in the data analysis. The first component
represents the X-ray photons that are collected by the tele-
scope and focused on the camera, and so they are affected
by vignetting. Conversely, the 2nd component is not af-
fected by vignetting because the particles pass throughout
the instrument as a whole. This means that to optimise
the analysis of the X-ray background it is better to esti-
mate the particle background before the application of the
vignetting correction (see Belsole et al. 2001 for details).
EMOS detections outside the field of view (FoV) of
the telescope are only due to particle events. One obser-
vation is not sufficient accurately to estimate the particle
background, due to the small number of detected events.
We thus summed the performance verification (PV) phase
EMOS observations to achieve a total exposure time of
2 × 106 s, and considered the out-of-FoV events. These
events are detected by all but the central CCD, which has
no out-of-FoV region. The spatial and spectral distribu-
tion of this particle emission was extended into the FoV,
for each CCD, using a Monte Carlo simulation under the
following assumptions:
– the particle spectrum outside and inside the FoV are
identical:
We use the 2 × 106 s PV observation. The only spec-
trally useful region to compare directly the particle
spectrum inside and outside the FoV is above 10 kev.
In this spectral range, the region inside the FoV is es-
sentially source-free due to the drop in effective area.
For each CCD we verified that the spectrum above 10
keV is the same for the outside and inside FoV regions,
except for a normalisation factor (of the order of 10%)
due to the shielding of the telescope. It is thus an ac-
ceptable hypothesis to assume the equivalence between
the continuum spectrum inside and outside the FoV in
the whole energy band of EPIC.
– it has a uniform spatial and spectral distribution in
each CCD:
We looked for variations between CCDs in the same
energy band above 10 keV. Examination of the spec-
trum of each CCD shows that there is some variation
corresponding to the fluorescence lines of gold (11.47
keV, present only in CCD2 and 7 for EMOS 1, for ex-
ample), but that the spectrum of the continuum is very
similar from CCD to CCD, only showing a variation of
about 5%. We thus estimate the particle spectrum and
spatial distribution of the central CCD (which has no
out of FoV regions) from the median between CCD 3
and 6, which are closest to it following the camera ge-
ometry. Using this approach, we are able to accurately
reproduce the high energy (>10 keV) spatial variations
due to gold fluorescence lines because at these energies
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there are no source contributions. We note however,
that the Al (1.48 keV) and the Si (1.74 keV) fluores-
cence lines are not spatially constant. Reproduction of
the distribution of these lines is severely complicated
by source contributions, and will require careful analy-
sis of CLOSED2 data, a statistically useful quantity of
which has only recently been released. We take a con-
servative approach because of the relative weakness of
our source, and exclude data from 1.4 to 2.0 keV (flu-
orescence Al and Si lines) in all subsequent analysis.
– the spectrum of the particle background does not
change significantly in time.
While the average induced cosmic ray background level
has been shown to be constant within ±10% (see e.g.,
Arnaud et al. 2001), once periods affected by solar
flares are excluded, no significant spectral variation has
yet been detected.
In conclusion, the continuum spectrum of the particle
background inside the FoV can be well represented using
the out of FoV distribution, extended into the FOV us-
ing the Monte Carlo method under the assumptions listed
above.
EMOS 1 and EMOS 2 particle event lists, with a total
simulated exposure time of 106 s, were generated in the
same format as real EMOS observations and were used
for the subsequent image and spectral analysis. As the
analysis of the particle distribution was done on the out of
FoV events and the flux in this region is lower than in the
FoV because of the shielding of the camera, the particle
count rate and the source count rate were normalised in
the 10 to 12 keV energy band.
3. Analysis and Results
3.1. Image and preliminary spectrum
As a first approach in detecting any diffuse X-ray emis-
sion, we smoothed the 0.3 to 7 keV EMOS 1 image to find
the spatial region where the group diffuse signal is mainly
located. To optimise the S/N of the image we performed
a preliminary spectral analysis by extracting a spectrum
in a circle of 6′ in radius around the optical centre of the
group (i.e. where the smoothed image shows a significantly
denser emission), excluding the signal from the galaxies.
We subtracted from it the spectrum of the 10′ - 12′ ring
in order to have an estimate of the local background. This
rough analysis allows us to calculate an upper limit to the
flux and to determine that the peak of the X-ray diffuse
emission is around 1 keV (as previously shown in ROSAT
data). Also, no emission is detected above 2 keV where
the spectrum is dominated by the emission from individ-
ual galaxies (see Turner et al 2001a). Because this work is
focused on the group diffuse X-ray emission, unless oth-
erwise stated we limit the following analysis to the soft
2 Observations obtained during the calibration phase using
an aluminum filter of 1mm thickness, which stops the X-ray
photons but not the particles.
energy band [0.2-1.4] keV, the upper energy limit being
determined by the contamination of the Al and Si fluores-
cence lines (see Sect. 2.2).
3.2. Wavelet analysis
The wavelet de-noising is a multi-scale image reconstruc-
tion tool. The noise contribution to the signal is removed
by selecting its corresponding coefficients in the wavelet
space. A new iterative wavelet de-noising algorithm (based
on the a` trou algorithm) especially suited for images with
few counts is used here. Within this algorithm, thresholds
are computed analytically for a Poisson noise distribution
(see Bourdin et al. 2001). This algorithm has been writ-
ten to be used for restoring the surface brightness of the
X-ray emitting intra-cluster gas which is supposed to have
no steep discontinuities. In the case of a group like HCG
16, the individual galaxy emission introduces a high level
of discontinuity with a dynamic of three orders of magni-
tude. A crude application of our algorithm to such data
would be good at restoring the emission of the extended
gas but the restored image would be contaminated by ar-
tifacts around these highly emitting sources.
In order to exclude this contribution, a count threshold
was first defined on the image, and the bright sources iden-
tified. Then the flux inside the source emitting regions, as
well as in the CCD gaps, was interpolated so as to create
a new image without steep discontinuities. The image was
de-noised with the restoration algorithm and the sources
were then re-added.
We have defined a counts (Poisson’s statistic, i.e. no vi-
gnetting correction is done) image of 4.′′.1 pixel size where
the contributions of the two EMOS cameras are added.
The energy band 0.2-1.4 keV has been chosen so as to be
sure that the detection excludes the Al and Si fluorescence
lines. An image in the same energy band is also obtained
for each camera, from the particle event lists. The EMOS
particle images are then coadded.
The HCG16 counts image is de-noised with the previ-
ously described wavelet de-noising procedure. The thresh-
old probability adopted for the HCG 16 image is of 10−6,
meaning that there is a probability of 10−6 that the de-
tected structure comes from noise, or in other terms, the
structures detected in the image are significant at 4.5 σ.
The adopted threshold is quite severe, but due to the low
S/N we prefer to adopt such a conservative approach. We
detect significant extended emission only at scale 6, corre-
sponding to 4.′.4 at the pixel size of the image. We do not
detect any extended emission at higher frequency scales,
indicating that if more clumpy structures exist, these can-
not be significantly detected with these data. We are un-
able to distinguish between the real galaxy extension, the
effect of the Point Spread Function (PSF) wings and the
actual diffuse emission. However, it is unlikely that at the
scale of detection the signal comes from the galaxies only
(see Sect. 3.4.2).
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Fig. 2. EMOS 1+EMOS 2 wavelet image in the energy band 0.2-1.4 keV. The ellipse at the centre of the figure
denotes the region used for spectrum extraction. The ring from which the background spectrum was extracted is also
shown to indicate the distance from the elliptical region. A slightly different ring is used for EMOS 1 and EMOS 2 in
order to exclude the noisy CCDs.
The particle background image is smoothed with a
Gaussian kernel of σ = 1.′.4, comparable to the scale of the
large structures in the wavelet image. This operation al-
lows us to take into account boundary effects which would
be ignored if we just subtracted a constant value per CCD.
The smoothed particle image was then normalised by the
exposure time and subtracted from the denoised counts
image. We then corrected the image for vignetting and
the net result is shown in Fig. 2. To aid in the interpre-
tation of the observed features, we superimpose on this
figure the CCD gaps.
The wavelet detection of diffuse gas between galaxies
exhibits an elliptical shape which extends up to a radius
of ∼6′ (∼ 135 kpc) from the optical centre of the group to
the NW-SE direction and to 4.′.5 in the other direction.
However, there are some noticeable effects in the image
(we show in Fig. 3 the position of CCDs in the HCG16
sky coordinates):
– The two noisy CCDs of EMOS 2 (CCD2 and CCD5)
have not been excluded during the wavelet analysis in
order to have a more continuous image. On the one
hand, as our electronic noise cleaning is not perfect,
the final result is an artificially high signal in the cor-
responding regions (see Fig. 3). This explains the high
flux to the north-west (CCD5; note how this higher
emission follows the shape of the CCD) and to the
south-east (CCD2). On the other hand, for one expo-
sure, CCD2 was turned off, and thus the total (EMOS
1+EMOS 2) image has a lower S/N ratio in the south-
east zone corresponding to the EMOS 2 CCD2. The
net effect is that, in this region, the structure detection
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Fig. 3. Position of the CCDs for each EMOS camera
(EMOS 1 to the left, EMOS 2 to the right) with the orien-
tation of the HCG1 sky coordinates; north is up the east
is to the left
will be less efficient (our wavelet algorithm does not
allow for the moment to give a different weight to dif-
ferent spatial regions), and thus the smoothing kernel
will appear larger (in this region) in the reconstructed
wavelet image. Discarding the noisy CCDs would no-
ticeably increase this effect.
– The high signal to the west-north-west is further in-
creased by a point source highly degraded by the off-
axis PSF;
– The extension onto the south-east (in the direction
of galaxy d) is also probably due to a radio source
(DSM99). This source is detected on CCD2 of EMOS
2, but because of the high CCD temperature in the
early stage of the calibration, there is a great deal of
electronic noise which effectively prevents further in-
vestigation of the source.
3.3. The radial profile
The gas density distribution, obtained from the surface
brightness profile, is one of the parameters (together with
the temperature and total flux) used to measure the gravi-
tational potential well in the assumption of spherical sym-
metry.
We define a mask excluding all sources detected in the
wavelet image as well as detector artifacts such as bad
lines/columns and hot CCDs not taken into account by the
pre-processing. Because of the uncertainties in the spatial
distribution at the energies corresponding to the Al and Si
fluorescence lines in the particle image (see section 2), we
again limit our analysis to the 0.2-1.4 keV energy band.
We are confident that this choice does not change our re-
sult because the preliminary spectral analysis (section 3.1)
showed that the X-ray diffuse emission has its maximum
around 1 keV.
To correct for vignetting, we used the photon weight-
ing method described in Arnaud et al. (2001): each photon
is weighted by the ratio of the effective area at its posi-
tion on the detector to the central effective area at the
energy of the photon. To take into account the “false” vi-
gnetting correction of the particle background component,
we also corrected the particle image for vignetting, in the
same energy band, and with the same algorithm. In the en-
ergy band considered here, the contribution of the particle
background is, in principle, negligible. However, because
of the telescope vignetting, in the outer regions more than
half of the X-ray photons are lost, while the particle flux
stays constant across the whole FoV. Thus the particle
background contribution must be subtracted because, as
shown in Fig. 4, at large radius (> 7′) this component
contributes ∼ 50% of the total sky background.
The particle image was normalised, as described in section
2, to the 10 to 12 keV energy band count rate. This was
done separately for EMOS 1 and EMOS 2 and only after
normalisation were the two images added together.
Fig. 4. a) The surface brightness profile for the HCG 16
(EMOS 1+EMOS 2) and for the simulated particle image
in the 0.2-1.4 keV energy band. Both profiles have been
calculated from images corrected for vignetting. The two
radial profiles are computed using the same mask and in
the same energy range. b) The EMOS 1+EMOS 2 surface
brightness profile after subtraction of the particle back-
ground. The parameters of the β model fit are listed in
table 2.
The surface brightness profile was obtained for the nor-
malised (EMOS 1+EMOS 2) particle image and for the
HCG 16 image separately (Fig. 4a), but using the same
mask to exclude point sources. Afterwards, the particle
radial profile was subtracted from that of HCG 16 (Fig.
4b). To summarise, if I = E × S + P where I, S, P and
E indicate the observed image, the source image, the par-
ticle image and the exposure map (including vignetting),
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respectively, then the whole radial profile analysis can be
written as S = I/E − P/E.
An estimate of the mass of the diffuse intergalactic
medium is given by fitting the radial profile with a King
profile (β model). However the HCG 16 gas shape (Fig. 2)
indicates that the β-model method assumption of spheri-
cal symmetry is not necessarily true. The centre of the fit
was obtained, after several iterations, in order to maximise
the central X-ray surface brightness of the King profile.
The best solution was α = 02h09m32.0s; δ = −10o09′00′′
(J2000), which corresponds within 0.3′′ to the optical
centre (given by SIMBAD, FK5 coordinates). The best
β-model fit of the surface brightness profile gives a β pa-
rameter of 0.37, a core radius of 2.′.7 and the central in-
tensity of 6.5×10−4 cts s−1 arcmin−2 (Table 2). To check
the consistency of this result and to have an estimate of
the statistical significance of the error bars (given at 1 σ
confidence level), we determine the background level inde-
pendently, i.e. computing the count rate in the [0.2 -1.4]
keV energy band and in the 10′ to 12′ ring (we consider
it safer to limit the large radius analysis to 12′ since out-
side this radius some systematic error may come from the
vignetting function, which is poorly known beyond this
radius). This gives a value of 6.0× 10−4 cts s−1 arcmin−2
which is consistent with the value found when we fit the
profile with the background parameter left free. However,
due to the very low S/N, the fit is very sensitive to the
background level. This may have an important effect on
the fitted parameters, and also in the mass determination.
The poor constraints on the fitted parameters are thus not
surprising and we have to be careful with regard to their
use in the determination of physical properties.
Table 2. The β model fit results. Errors are quoted at 1
σ significance
Parameter fit value
β 0.37± 0.3
Rc (arcmin) 2.7± 2.5
I0 (cts s
−1 arcmin−2) (6.5± 0.9) 10−4
bkg (cts s−1 arcmin−2) (5.0± 3.0) 10−4
3.4. The spectra
3.4.1. Method
While a standard technique for extracting spectra is to
consider a circle around the source centre, we use a differ-
ent method to determine the spatial extraction region due
to the shape of the detected signal (Fig. 2), the low surface
brightness (Fig. 4b) and the low S/N of the observation.
Assuming that the wavelet analysis is the best represen-
tation for the detection of the diffuse emission, we define
a regular elliptical region, following the shape of the emis-
sion in the wavelet image (Fig. 2). Within this elliptical
mask, all bright sources have been excluded by defining a
threshold (1 cts/s) in the wavelet image, which results in
a typical radius of 1.′.1 for the exclusion of the galaxies.
We will refer to this elliptical mask region as region E.
Given that the intragroup gas is detected mainly in the
central CCD (Fig. 2), it is possible to estimate a local
background in an external region corresponding roughly
to a 10′ to 12′ ring around the centre of the FoV (Fig. 2).
We will refer to this local background as region R.
To avoid the introduction of systematic errors, we are,
in this spectral analysis, more conservative than in the
imaging analysis and in both regions E and R we exclude:
1) the south-east corner because of contamination due to
CCD2 of EMOS 2, which has a much higher noise (see
section 2); 2) the region corresponding to CCD5 of EMOS
2, the other CCD displaying higher noise and which shows
excess emission at low energies; 3) in both cameras, the
region to the WNW because of a highly PSF degraded
point source (note that this region corresponds essentially
to CCD4 in EMOS 1).
The false vignetting correction of the particle compo-
nent of the local background will over-subtract the true
background contribution. To avoid this error, the events
are not initially corrected for the vignetting effect. The
method used follows these steps:
1. We extracted 2 spectra from each events list (HCG
16 and particle): the first in region E, the second in
region R. We now have spectra Es, Ep, Rs, Rp where
the s spectra are extracted from the HCG16 event list
and the p spectra come from the particle event list.
2. The particle spectra were subtracted from the HCG 16
spectra in each region after a normalisation (n) in the
10 to 12 keV band:
Ex = Es − nEp
Rx = Rs − nRp
This gives the particle subtracted spectra Ex and Rx.
3. Vignetting correction: in order to compute the vi-
gnetting correction factor (VCF), we work under the
assumption that the spatial distribution over the whole
integrated region is independent of the energy (i.e. the
spectrum is similar throughout the region). We thus
use all photons, irrespective of their energy, to describe
the spatial distribution of events. Then, for each pho-
ton energy, we compute the vignetting factor by av-
eraging the weight (see Sect. 2 for the weight defini-
tion) at each photon position. The advantage of this
method is that in using the total number of photons
to calculate the weight, we can improve considerably
the accuracy of the calculated vignetting factor.
Spectra Ex and Rx were thus multiplied by their re-
spective vignetting correction factors (VCFs):
Ex,vcf = Ex × vcfE
Rx,vcf = Rx × vcfR
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4. The spectrum Rx,vcf was then normalised to the sur-
face area of region E, and subtracted:
Enet = Ex,vcf −mRx,vcf
where m is the normalization. This gives the full
background-subtracted, vignetting-corrected net spec-
trum, Enet.
3.4.2. PSF considerations
An important point of concern is the contamination of
the excised sources due to the wings of the EMOS PSF.
The one dimensional EMOS PSF is well described by a
King function out to 5′ radius, and in the energy range of
interest here, is essentially energy-independent (Ghizzardi
2001). The asymptotic slope of the PSF model is α = 1.46
and α = 1.41 for EMOS 1 and EMOS 2 respectively, at 0.8
keV in the on-axis position. We adopt this description of
the PSF to correct the spectrum of the diffuse gas for the
PSF of the excised sources (galaxies and point sources) in
the ellipse and background (ring) regions.
In determining the spectrum in the elliptical region,
we have excised the sources using a typical radius of 1.′.1
for the galaxies and 24′′ for the point sources. The sources
in the background ring were excised in a cutoff radius of
typically 40′′.
For each source we calculated the encircled energy
fraction (EEF) at 0.8 keV (corresponding to the peak
of the diffuse emission spectrum) in the circle used to
excise it, taking into account its off-axis position. The
fraction of this energy falling outside the excised circle is
F = (1− EEF )/EEF . Once the fraction for each source
was obtained, we computed a statistical mean fraction 〈F 〉
for the two regions of interest, the ellipse and the back-
ground. The mean fraction 〈F 〉 is 0.27 for EMOS 1 point
sources in the ellipse, for example. This means that 0.27
of the flux of the excised point sources contaminates the
diffuse X-ray gas flux of EMOS 1.
The PSF correction for the galaxies is more subtle be-
cause, in principle, we have to take into account the ex-
tension of a galaxy and convolve the emission distribution
with the PSF. We thus use the EMOS PSF model to in-
vestigate the systematic errors introduced by treating a
galaxy as a point source and as modelled by a β model.
We applied this test to HCG16c, the brightest and most
extended galaxy, and thus the most extreme case. We ob-
tained a surface brightness (SB) profile of this galaxy from
the EMOS 1 image in the energy range 0.2-1.4 keV and we
fitted it with the model of a point source convolved with
the EMOS PSF. We fit this profile up to 2′ after which the
profile becomes dominated by the diffuse emission. The fit
is not good, but if we extrapolate the model up to 5′ we
obtain a F = 0.063 using a cutoff radius of 1.′.2 for this
galaxy.
We then obtained a SB profile of galaxy HCG16c from
the Chandra image in the same energy range as above.
The Chandra PSF can be considered as perfect with re-
spect to the EMOS PSF; we thus assume that this pro-
file represents the intrinsic profile of the galaxy. We fitted
the Chandra SB profile with a β model finding as a best
fit β = 0.75+0.08
−0.06, Rc = 5.
′′28+1.
′′
32
−1.′′02
and a reduced χ2 of
25.37/25 ≃ 1.
To estimate the EMOS spread function we fitted the
EMOS profile (up to 2′) with a β model convolved with
the EMOS PSF and with the β and the Rc fixed to their
respective Chandra best fit values. The central X-ray sur-
face brightness and background were free parameters. In
this case we obtain F = 0.07. If we leave the β parameter
free, we obtain β = 0.81 ± 0.04 for a reduced χ2 of 1.18.
This value is in good agreement with the value obtained
from the Chandra profile. In this case, the obtained F is
0.068.
To summarise, if we consider this galaxy as a point
source, we make a maximum systematic error of 10%.
This induces an error on the X-ray luminosity obtained
from the spectrum of the diffuse gas of ∼ 1.5%, which is
consistent with the statistical errors. In view of the results
outlined above it appears to be justified to treat galaxies
as if they were point sources. We computed a mean 〈F 〉
value for all galaxies (per camera) obtaining 〈F 〉 = 0.073
for EMOS 1 and 〈F 〉 = 0.089 for EMOS 2. The mean cut-
off radius was 68′′ for both cameras. In the calculation of
the EEF the off-axis position was taken into account for
each galaxy; we note however that this does not introduce
a strong effect.
We extracted the global spectrum (the best represen-
tation of the total flux) of all point sources in the back-
ground (PR; ring) region and in the ellipse (PE) region.
The global spectrum of the 4 galaxies was also obtained
(G). We then calculated a background spectrum Bc which
takes into account not only the PSF contamination due to
its own point sources, but also that due to the point and
extended sources in the elliptical region. In other words:
Bc = B− (PR× 〈F 〉PR)+(PE × 〈F 〉PE +G× 〈F 〉G) (1)
3.4.3. Spectral fit results
The EMOS 1 and EMOS 2 spectra were binned to 2σ sta-
tistical significance after background subtraction, and fit-
ted with an absorbed MEKAL model (XSPEC v11.0), the
column density being fixed to the galactic value (2.0×1020
cm−2), leaving the temperature, abundance and normali-
sation (emission measure) as free parameters.
The EMOS 1 and EMOS 2 results are in very good agree-
ment, except in the 0.2-0.3 keV energy band, where the
EMOS 2 shows excess emission. We attribute this differ-
ence to an instrumental effect not well taken into account
in the data processing (probably due to the contamina-
tion of the central CCD by the high temperature CCDs
nearby, particularly affecting the low energy band) and de-
cide consequently to ignore, when fitting, the 0.2-0.3 keV
band in EMOS 2. We used the response matrix version
20.6. In Fig. 5 the EMOS 1 and EMOS 2 spectra and the
folded model are shown. In the energy range 0.2-1.4 keV
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the EMOS 1 camera provides 1635 counts, corresponding
to 313 net counts after background subtraction, while the
EMOS 2 measured counts are 1269 in the energy range
0.3-1.4 keV (327 net counts). The spectral fit results are
listed in Table 3, which also lists the fit results before the
correction for the PSF. We can notice that the correction
for the wings of the PSF, obtained by using Bc instead
of B for the background spectrum (see eq.1), has the ef-
fect of slightly reducing the temperature, but above all of
reducing the flux by ∼20%. The relative contribution of
each galaxy (treated as a point source) and total point
source contribution to this 20% flux reduction is shown in
detail in Table 4.
Table 4. Relative contribution of each galaxy and total
point sources to the 22% flux reduction due to the PSF
contamination. The contribution of each galaxy has been
obtained by integrating the total counts in the cutoff ra-
dius (in the energy range 0.2 -1.4 keV for EMOS 1 and
0.3-1.4 keV for EMOS 2) used to excise it and by multi-
plying this value for the mean PSF correction factor 〈F 〉G.
HCG16a and HCG16b are considered together. The total
point source contribution has been estimated using 〈F 〉PE
as the PSF correction factor.
region EMOS 1 EMOS 2
% %
HCG16a+ HCG16b 23.6 22.7
HCG16c 23.8 25.5
HCG16d 7 8.8
point sources (total) 45.5 43
Fig. 5. a): EMOS 1 (black) and EMOS 2 (gray) back-
ground subtracted PSF corrected spectrum, folded with
the combined fitted model. The background subtracted
spectra are binned to the 2σ level. The channels corre-
sponding to 0.2 to 0.3 keV were ignored for EMOS 2 be-
cause of low energy noise not taken into account in the
data processing (cf. CCD temperature).
4. Discussion
4.1. Comparison with previous works
The image analysis presented in Sect. 3 and the sur-
face brightness profile confirms that HCG 16 is a bound
system as previously shown from ROSAT studies. The
EMOS sensitivity is 1.8 times that of the PSPC instru-
ment on-board ROSAT at low energies, and the useful
XMM-Newton observation time is more than triple that
of the ROSAT/PSPC observation. This allows a better
source detection (while point sources are in the noise in
the PSPC observation) and exclusion of the galaxy con-
tribution and the establishment of stronger constraints on
the temperature. On the other hand, the high background
level of XMM (worsened by the electronic noise at the
early stage of the instrument setting) reduces the S/N
and the detection radius for extended sources. Relative
to ROSAT/PSPC, the EMOS PSF wings are larger, lead-
ing to a smoother apparent emission than was found by
DSM99. In our analysis we have taken into account all
these major sources of contamination, finding that the re-
sults are stable in the limit of this first light observation.
The diffuse emission extends to at least 6′ from the group
optical centre (corresponding to ∼ 135 kpc at the distance
of HCG 16). Our results show a smooth gas distribution,
rather in contrast to the very irregular morphology noted
by DSM99. These authors emphasise the nature of re-
gion C4, corresponding to an excess emission starting from
galaxy HCG 16b toward the south. A quick comparison
between the ROSAT/PSPC and the EMOS image shows
that the emission to the south-western extreme of our el-
lipse corresponds to a point source which was marginally
detected by ROSAT and which is completely resolved by
EMOS. If we smooth the EMOS image in a similar way
as done by DSM99, we do not find a spatially continu-
ous signal between the point source (widened by the large
Gaussian kernel) and the diffuse emission. We thus esti-
mate that at least 1/3 of the C4 emission is due to a point
source unrelated to the group. While the statistics are
poor, the spectrum of this source is minimised by a power
law of α = 2.25 and a column density of 6.7× 1019 cm−2.
The flux of the source is 1.7×10−14 ergs cm−2 s−1 and if
the source was at the HCG 16 redshift its total luminosity
would be 1.3×1040 erg s−1. The remaining 2/3 of the flux
are effectively inside the ellipse in Fig. 2, and there is no
clear sign of separation from the neighbouring regions of
the diffuse emission. An additional source lies in the re-
gion corresponding to C4 in DSM99 (closer to galaxy b).
It has been excised in our analysis, but we checked the
contribution of this source to the C4 emission. The best
fit is a power law of index 2.3, with a flux of 5.3× 10−15
erg cm−2 s−1.
The elliptical shape and the spatial extension of the
entire gas distribution make it unlikely that this gas can
come only from ejection by the galaxies: even if active
galaxies (as is the case here) eject large amounts of gas
10 E. Belsole et al.: The detection of diffuse emission in HCG 16 with XMM-Newton
Table 3. Spectral fit results before and after PSF correction. Top: Column (1): absorbing hydrogen column density,
we adopt the Galactic value from Stark et al. (1992). Column (2): temperature. Column (3): metallicity. Column (4):
χ2 of the spectral fit. Column (5): redshift. Bottom: Column (1): X-ray luminosity computed in the PSPC energy
band. Column (2): bolometric X-ray luminosity, uncorrect for absorption. Column (3): bolometric X-ray luminosity,
uncorrect for absorption and corrected ∗ for the omitted emission from the galaxy regions (follow the discussion in
Sect. 4.1). Column (4): bolometric X-ray luminosity corrected for absorption. Column (5): bolometric X-ray luminosity
corrected for absorption and corrected as in column (7)∗. Errors are at the 90% confidence level. The error on the
luminosity has been obtained by fixing the metallicity parameter range in the fit to be between 0 and 2 solar.
no PSF corrected
NH kT Z/Z⊙ χ
2/d.o.f. z
(1022 cm−3) (keV)
0.02 (fix) 0.53 +0.11
−0.13 0.09
+0.12
−0.04 13.84/20 0.0132
LX (10
41 erg s−1)
0.2-2.3 keV bol. uncorr. bol. uncorr. (*) bol. corr. bol. corr. (*)
0.51 +0.05−0.07 0.53
+0.07
−0.07 0.69 0.92
+0.13
−0.11 1.2
PSF corrected
NH kT Z/Z⊙ χ
2/d.o.f. z
(1022 cm−3) (keV)
0.02 (fix) 0.49 +0.19
−0.16 0.07
+0.31
−0.05 6.35/11 0.0132
LX (10
41 erg s−1)
0.2-2.3 keV bol. uncorr. bol. uncorr. (*) bol. corr. bol. corr. (*)
0.39 +0.08
−0.08 0.40
+0.08
−0.08 0.52 0.72
+0.12
−0.12 0.96
via galactic winds (Fabbiano et al. 1988), this emission
does not extend out to several galactic radii.
While HCG 16 still remains one of the coolest
galaxy groups with detected diffuse X-ray emission, the
EPIC/MOS spectra analysis of HCG 16 gives a tempera-
ture of 0.47 keV, higher than that obtained with ROSAT
(PBEB, DSM99), but in agreement within statistical er-
rors.
The best fit metallicity is 0.07 solar, which is low with re-
spect to galaxy clusters and some galaxy groups. However,
even though several authors have reported lower abun-
dances in groups than in clusters (e.g. Davis et al. 1999),
the reality of this result is not well established, and we
have to be careful with abundance determinations of such
a low temperature systems. The abundance derived from
hot plasma model fits for systems with temperatures be-
low∼1 keV is primarily driven by the iron L-shell complex,
and the combination of the different lines is very sensitive
to the temperature. This means that if temperature gra-
dients are present, the abundance is, in general, an under-
estimate (Buote & Fabian 1998; Finoguenov & Ponman
1999). Works based on ROSAT/PSPC (Mulchaey &
Zabludoff 1998) and ASCA (Finoguenov & Ponman 1999)
data have already pointed out the multi-temperature
structure of several galaxy groups. We are unable to de-
termine a temperature profile for HCG 16 with these data,
but given the presence of several starburst galaxies inter-
acting in the central region it seems unlikely that the gas
will be isothermal. On the other hand, our best fit metal-
licity determination is poorly constrained. Moreover the
metallicity depends on the model used and it has also been
shown, for other groups, that an increase of the metallicity
value is obtained if a 2 temperature model is used (Buote
2000). In any case, we find a non-zero metallicity.
The low value of the bolometric X-ray luminosity is
not surprising. Galaxy groups, especially at low temper-
ature, have flat surface brightness distributions (Ponman
et al. 1999; Helsdon & Ponman 2000a). In this work, the
X-ray luminosity is calculated from the emission measure
of the MEKAL model used to fit the spectrum. The lat-
ter is extracted within the radius where significant X-ray
emission is detected, thus the luminosity calculated here
may be only a small fraction of the total luminosity.
For comparison, we consider the whole region C2+C3+C4
in DSM99, taking the metallicity as 0.1 solar. Our result
(0.52+0.1
−0.1 10
41 erg s−1) and theirs (0.69 1041 erg s−1) do
not strongly disagree if we consider that ∼ 1/3 of of the
X-ray emission form C4 comes from a point source, and
that the spatial regions and the energy band where the
spectrum is extracted are not exactly the same.
In comparison to the PBEB result, LX = (4.7 ±
1.1) 1041 erg s−1, the bolometric X-ray luminosity found in
the present study is more than a factor 5 lower (4.7/0.72).
There are several reasons for this. According to DSM99, a
factor of 2 of the luminosity found by PBEB is attributable
to foreground/background sources, while the good EPIC
sensitivity allow us to excise some sources missed in the
PSPC analysis by these authors. Our limited ability to de-
tect diffuse emission at large radii due to the high EPIC
background is another reason for the difference in the sur-
face used to extract the spectrum, although DSM99 argue
that, apart from region C4 there is no emission far from
the galaxies. Moreover, in our work we use a different cor-
rection for absorption relative to PBEB because of our
higher temperature.
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Furthermore, we have to consider that in addition to the
fact that PBEB used a larger region to extract the spec-
trum (200 kpc), the flux from the spatial region occu-
pied by the galaxies has been omitted in our analysis,
whilst PBEB included an estimate of the diffuse group
flux underlying the galaxy components. Hence the total
luminosity within the elliptical region considered repre-
sents a lower limit to the total diffuse flux of the system.
Assuming that the area omitted behind the galaxies has
the same mean brightness as the rest of the region, we
calculate the ratio between the mask area and the whole
elliptical area (Fig. 2). This factor gives a rough correc-
tion of 30% to be applied to the LX value leading to an
estimate of 9.6 1040 erg s−1 within the full elliptical re-
gion. To investigate further the comparison with ROSAT
results, we analysed the PSPC data within a 5′ radius
of the EPIC detection. Computing the count rate in this
circle (which is comparable to our mask region) and re-
placing the galaxy emission with the interpolated flux (as
done in PBEB), we obtain a bolometric luminosity of 7
1040 erg s−1, thus the results from EPIC and ROSAT,
within similar central areas, are in an acceptable agree-
ment.
4.2. Mass estimates and scaling laws
Fig. 6. LX - T relation for cluster of galaxies (from
Arnaud & Evrard 1999 - H&E99) compared to the one
for group found by Helsdon & Ponman 2000 (H&P00).
Our result is marked as well as the DSM99 (diamond)
and PBEB (triangle) results.
An estimate of the total mass of the gas can be ob-
tained by combining the β-model parameters and the
spectral results. This implies that we assume, despite our
reservations (section 3.4, 3.3) that the gas is isothermal
and has a spherical symmetry. Under these hypotheses,
the mass of the gas amounts to 8.8×1010M⊙ at the max-
imum radius of detection (135 kpc). If the mass profile is
extrapolated out to the virial radius (≃ 900 kpc)3 the to-
tal gas mass is 3.7×1012M⊙. We stress that we have to be
careful about this result because we have made several as-
sumptions which may not be strictly valid. Simulations in-
dicate that the β value obtained fitting the surface bright-
ness profile is very sensitive to the range of radii used in
the fit (Navarro et al. 1995; Vikhlinin, Forman & Jones
1999) and in the case of very low surface brightness the
background determination is a strong source of uncer-
tainty.
Self-similar scaling laws valid for clusters of galaxies
break down at the low mass limit (PBEB; Helsdon &
Ponman 2000a, Xue & Wu 2000). In the isentropic limit,
semi-analytical models (Cavaliere et al. 1997, Balogh et
al. 1999) predict a change in the slope of the LX-T rela-
tion at a temperature around 1 keV, which is in agreement
with the observational results from galaxy groups (PBEB,
Heldson & Ponman 2000a, 2000b; Mulchaey 2000). This
departure from self-similarity of low temperature systems
can be explained by preheating models, in which the gas
is heated by some non-gravitational effect (such as galaxy
winds during the galaxy formation) before it falls into the
potential well of the group (Helsdon & Ponman 2000a,
Babul et al. 2002, Tozzi et al. 2000; Dos Santos & Dore´
2002). In this context, HCG 16 becomes even more in-
teresting: its low surface brightness, low temperature and
low velocity dispersion locate this group in an extreme
position in all scaling laws determined for clusters and
groups. Figure 6 shows the LX -T relation from Arnaud
& Evrard (1999) for clusters, together with our result,
where we take the bolometric luminosity corrected for ab-
sorption and for the omitted region corresponding to the
galaxies. The dot-dot-dashed line is the best fit for clus-
ters, whereas the dashed curve is the best fit obtained
by Helsdon & Ponman (2000b) using the same sample
as PBEB (22 groups observed with ROSAT/PSPC) but
considering a different statistical weight when fitting the
LX -T relation. HCG 16 is a factor 10 lower with respect to
the cluster relation. However, despite its extreme nature,
it is in reasonable agreement with the correlation found
for galaxy groups, especially if one considers that integra-
tion to a larger radius could increase LX by a factor of a
few. One should also bear in mind that the LX -T relation
for groups shows significant scatter (Helsdon & Ponman
2000b), interpreted as arising from the different formation
history of individual groups.
Another manifestation of the breaking of self-similarity
seen in groups is the progressive flattening in X-ray surface
brightness profiles in cooler systems (Ponman et al. 1999).
For a system with a mean temperature as low as that of
HCG 16, this trend implies a surface brightness index β
less than 0.4 (Helsdon & Ponman 2000a). Our fitted value,
β = 0.37± 0.3, (Table 2) is therefore well-matched to the
trend seen in other X-ray bright groups.
3 the virial radius is obtained as: rvir = 4.1 (T/10 kev)
0.5
(1+z)−1.5 h−150 (Evrard et al. 1996)
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Combining our fitted gas density profile with the mea-
sured gas temperature (which we take to be isothermal), it
is possible to derive an entropy profile for the intergalactic
gas. The result is a rising profile, with a value, at r < 6′
of ∼100 keV cm2. Although the profile itself should not
be taken too seriously, due to uncertainties in the radial
trends arising from the limited spatial extent over which
we can reliably trace the emission, the entropy derived in
the inner regions should be a secure estimate. This is very
similar to the ‘entropy floor’ value found in the inner re-
gions of X-ray bright groups by Ponman et al. (1999) and
Lloyd-Davies et al. (2000).
4.3. The nature of HCG 16
Although the quality of this first light EPIC observation
is not all we might wish, and we are therefore unable to
trace the diffuse emission from HCG 16 out to even as
large a radius as was reached with ROSAT, the superior
spectral resolution and sensitivity of XMM, compared to
the ROSAT PSPC, allow us to establish some important
facts about the group:
– There is substantial, genuinely diffuse X-ray emission
in the centre of the group, surrounding the galaxies
and extending to a radius of at least 135 kpc from the
centre of the group.
– The mean spectrum of this emission is well repre-
sented by a thermal plasma with a low temperature
(0.49 keV) and non-zero metallicity.
– The total extent and luminosity of this hot gas suggests
that it cannot be attributed to galactic wind emission
from the active galaxies within the group, and the mor-
phology of the gas appears more relaxed than was ap-
parent from the ROSAT data.
– The properties of this diffuse X-ray emission are sub-
ject to large errors, but seem to fit rather well onto
trends established by other X-ray bright groups. HCG
16 appears to lie at the extreme poor end of the spec-
trum of X-ray emitting groups.
These properties suggest that HCG 16 is a genuinely
bound group, with a potential well in which gas has col-
lected and been heated, in a manner analogous to other
X-ray bright groups. In other words, the group has col-
lapsed, even if we cannot state if it has already virial-
ized. A system which is dense in three-dimensions is also
strongly suggested by the extraordinary degree of activity
seen in its galaxies, which has presumably been triggered
by galaxy interactions.
However, HCG 16 is so far unique amongst groups with
detectable hot intergalactic gas, in containing no bright
early-type galaxies. One possible explanation, is that HCG
16 is a rare example of a group which has collapsed in a
single event (rather than building through a sequence of
mergers) very recently, so that the processes which lead to
the conversion of late-type into early-type galaxies (merg-
ers, interactions, stripping etc.) have not yet had time to
run their course. If this picture is correct, then the im-
plications are substantial. Typical X-ray bright groups,
dominated by a central bright early-type galaxy, represent
only a minority of groups. It is therefore very important
to establish whether more typical spiral-dominated groups
have similar gas content. If they do, then such groups may
constitute the dominant component of the baryonic con-
tent of the Universe (Fukugita et al 1998). The properties
of HCG 16 lend tentative support to this idea.
There is one fly in the ointment. If HCG 16 is a system
currently near maximum collapse, then its velocity disper-
sion should be rather high (Mamon 1993). However, after
correction for measurement errors, the velocity dispersion
of the group is actually unusually low: 99 km s−1 if only
the central four galaxies catalogued by Hickson are con-
sidered, and 76 km s−1 if the additional three Ribeiro et
al. (1996) galaxies are included (Mamon, private commu-
nication). In terms of the parameter βspec = (µmpσ
2)/kT ,
the ratio between the specific energy on the galaxies, and
that in the gas, which is normally approximately unity in
clusters, and rather lower in groups (Helsdon & Ponman
2000a), HCG 16 has the remarkably low value, βspec ∼ 0.1.
This is difficult to understand, unless we happen to be
viewing HCG 16 at an angle such that most of the galaxy
motions lie within the plane of the sky.
In order to establish whether HCG 16 is truly a re-
cently collapsed system with a fortuitous alignment of
galaxy orbits, or whether we must seek some other ex-
planation for its remarkable combination of properties, we
require deep X-ray studies of other groups with similar op-
tical characteristics. Such investigations should be carried
out with XMM and Chandra over the next few years.
Acknowledgements. We are grateful to the referee, Gary
Mamon, for interesting conversations on the status of HCG 16
and for the very useful comments of his referee report. We are
grateful to Monique Arnaud for helpful discussions throughout
this work and invaluable assistance in the estimation of the
PSF. We also thank G.W. Pratt for contributions to the anal-
ysis and for very useful comments on the original manuscript.
Our thanks to R. Gastaud and D.M. Neumann for software
support and to R. Rothenflug for help in the initial stages
of the analysis. This research has made use of the SIMBAD
database,operated at CDS, Strasbourg, France. The paper is
based on observations obtained with XMM-Newton, an ESA
science mission with instruments and contributions directly
funded by ESA Member States and the USA (NASA). EPIC
was developed by the EPIC Consortium led by the Principal
Investigator, Dr. M. J. L. Turner. The consortium comprises
the following Institutes: University of Leicester, University of
Birmingham, (UK); CEA/Saclay, IAS Orsay, CESR Toulouse,
(France); IAAP Tuebingen, MPE Garching,(Germany); IFC
Milan, ITESRE Bologna, IAUP Palermo, Italy. EPIC is funded
by: PPARC, CEA,CNES, DLR and ASI.
References
Arnaud, M. & Evrard, A. 1999, MNRAS, 305,631
Arnaud, M., Neumann, D.M., Aghanim, N., et al. 2001, A&A,
365, L80
E. Belsole et al.: The detection of diffuse emission in HCG 16 with XMM-Newton 13
Babul, A., Balogh, M.L., Geraint, F.L., Gregory, B.P. 2002,
MNRAS, 330, 329
Bahcall, N.A., Harris, D.E., Rood, H.J. 1984, ApJ, 284, L29
Belsole, E., Sauvageot, J.L., Arnaud, M., Ponman, T.J.,
Rothenflug, R. 2001, Proceedings of the confer-
ence:“Galaxy Clusters and the High Redshift Universe
Observed in X-Rays”, XXIth Moriond Astrophysics
Meeting, J. Traˆn Thanh Vaˆn & D.M. Neumann eds., in
http://www-dapnia.cea.fr/Conferences/
/Morion astro 2001//abs03/belsole.html
Balogh, M.L, Babul, A., Patton, D.R. 1999, MNRAS, 307, 463
Bourdin, H., Slezak, E., Bijaoui, A., Arnaud, M. 2001,
Proceedings of the conference:“Galaxy Clusters
and the High Redshift Universe Observed in X-
Rays”, XXIth Moriond Astrophysics Meeting,
J. Traˆn Thanh Vaˆn & D.M. Neumann eds.,
in http://www-dapnia.cea.fr/Conferences/
Morion astro 2001/abs03/bourdin.html;
astro−ph/0106138
Buote, D.A. 2000 MNRAS, 311, 176
Buote, D.A. & Fabian, A.C. 1998, MNRAS, 296, 977
Cavaliere, A., Menci, N., Tozzi,P. 1997, ApJ, 484, L21
Davis D.S., Mulchaey, J.S., Mushotzky R.F. 1999, ApJ, 511,
34
Dos Santos, S., Mamon, G.A. 1999, A&A, 352, 1 (DSM99)
Dos Santos, S., & Dore´ O. 2002, A&A, 383, 450
Evrard, A.E., Metzler, C.A., Navarro, J.F. 1996, ApJ, 496,494
Fabbiano, G. 1988, ApJ, 330, 672
Fukugita, M., Hogan, C.J., & Peebles, P.J.E. 1998, ApJ, 503,
518
Finoguenov, A. & Ponman, T.J. 1999, MNRAS, 305, 325
Ghizzardi, S. 2001, EPIC-MCT-TN-011 (XMM-SOC-CAL-
TN-0022) http://xmm.vilspa.esa.es/docs/documents/
/CAL-T-0022-1-0.ps.gz
Helsdon, S.F., & Ponman, T.J. 2000, MNRAS, 315, 365 (Paper
a)
Helsdon, S.F., & Ponman, T.J. 2000, MNRAS, 319, 933 (Paper
b)
Hernquist, L., Katz, N., & Weinberg, D.H. 1995, ApJ, 442, 57
Hickson, P. 1982, ApJ, 255, 382
Hickson, P., & Rood, H.J. 1988, ApJ, 331, L69
Hickson, P., Mendes de Oliveira, C., Huchra, J.P., & Palumbo,
G. 1992, ApJ, 399, 353
Hickson, P. 1997, ARA&A, 35, 357
Holland, A.D., Turner, M.J.L., Abbey, A.F., & Pool, P. 1996,
SPIE, 2808, 414
Lloyd-Davies, E.L.D., Ponman T.J., & Cannon D.B. 2000,
MNRAS, 315, 689
Mamon, G.A. 1986, ApJ, 307, 426
Mamon, G.A. 1993, in “Gravitational Dynamics and the N-
Body Problem”, ed. F. Combes & E. Athanassoula, mtg.
held in Aussois, France, March 1993, astro-ph/9308032
Mulchaey J.S., Davis D.S., Mushotzky R.F., & Burstein D.
1996, ApJ, 456, 80
Mulchaey, J.S., & Zabludoff, A.I. 1998, ApJ, 496, 73
Mulchaey, J.S. 2000, ARA&A, 38, 289
Navarro, J.F., Frenk, C.S., & White, S.D.M. 1995, MNRAS
275, 720
Pildis R.A., Bregman. J.N., & Evrard, A.E. 1995, ApJ, 433,
514
Ponman, T.J., Bourner, P.D.J., Ebeling, H., & Bo¨hringer, H.
1996, MNRAS, 283, 690 (PBEB)
Ponman, T.J., Cannon, D.B., & Navarro, J.F. 1999, Nature,
397,135
Riberio, A.L.B., de Carvalho, R.R., Coziol, R., Capelato, H.V.,
& Zepf, S.E. 1996, ApJ, 463, L5
Saracco, P., & Ciliegi, P. 1995, A&A, 227, 301
Stark, A.A., Gammie, C. F., Wilson, R.W., et al. 1992, ApJS,
79, 77
Stru¨der, L., Briel, U., Dennerl, K., et al. 2001, A&A, 365, L18
Tozzi, P., Scharf, C., & Norman, C. 2000, ApJ, 542, 106
Tully, R.B. 1987, ApJ, 321,280
Turner, M.J.L., Reeves, J. N., Ponman, T.J., et al. 2001, A&A,
365, L110 (Paper a)
Turner, M.J.L. , Abbey. A., Arnaud, M., et al. 2001, A&A,
365, L27 (Paper b)
Vikhlinin, A., Forman, W. & Jones,C. 1999, ApJ, 525, 47
Walke, D.G., & Mamon, G.A. 1989, A&A, 225, 291
Xue, Y.J., & Wu, X.P. 2000, ApJ, 538, 65
